The development of optical circuits integrated on silicon has become an important research field in telecommunication technology in the last decade. This research will allow the use of CMOS technology to create new devices that will convey and manipulate optical data on-chip at a low energy input. Another feature will be the interactivity with silicon-based electronic systems. Some of the principal building blocks needed have already been demonstrated: transportation with optical fibers, storage with all-optical silicon memories, computation with all-optical logical circuits and emission with all-silicon or III-V lasers integrated on silicon. Concerning the detection function, there is a major difficulty due to silicon being transparent at telecom wavelength. It explains that the standard telecom wavelength photodetectors are made with germanium in the active region. However, if the optical energy density is large enough, two photon absorption (TPA) occurs in silicon and can lead to a non-linear photoconductor operating in the transparency window of silicon. In order to reach this effect in a device at a low input power, it is necessary to confine light in a small volume for a very long time, which can be achieved by the use of photonic crystal (PhC) cavities. The latter technology is the best of known methods to concentrate optical energy. In this work, we demonstrate an ultra-compact all-silicon metalsemiconductor-metal photodetector operating at room temperature around 1.6 !m. The photonic crystal is fabricated on silicon-on-insulator (SOI) and the oxide is not removed.
The investigated PhC is a triangular lattice of air holes and the hole structure rests on silica. The cavity is obtained by modulating the width of a line defect, as described in [1] . The line-defect can be described as a PhC waveguide. When light is injected at the cavity resonant wavelength which is under the waveguide cut-off, the optical field enters the cavity by evanescent coupling (see figure 1 ). The length of the line defect is directly related to the coupling loss of the cavity, therefore to its transmission. We call b the length of this barrier waveguide, expressed in units of crystal period. In our case, the PhC does not expand on the whole sample: injection is first performed through a silicon waveguide. When fabricated in a suspended structure, these cavities usually exhibit a very high experimental quality factor Q ~ 10 6 . In the case of a SOI structure, the quality factor decreases due to the lower index contrast between silicon and silica (when compared to air), which reduces vertical confinement of light, and also due to the fact that mirror-symmetry of the dielectric structure with respect to the plane z = 0 does not hold anymore. We performed a Finite Difference Time Domain simulation of the SOI cavity that showed we could expect an unloaded quality factor around 10 5 i.e. smaller than the one that can achieved on membranes. However, as our purpose was to create a detector operating at telecom wavelength, we had to consider that a very high Q will lead to a long optical response time Q/", limiting the bandwidth of the detector. The value Q ~ 10 5 seemed to be a reasonable trade off for having a great concentration of light with a bandwidth larger than 1 GHz. In these conditions, the cavity on SOI is found advantageous because it is simpler to fabricate than a suspended structure.
As we need to collect the photo-generated carriers in order to detect the photocurrent, we chose to put two metallic electrodes near the cavity where the carriers are photogenerated. For fabrication simplicity, these contacts were designed as We.6.E.5 rectangular pads deposited on silicon corresponding to a Metal-Semiconductor-Metal (MSM) junction. The width of electrodes is called l, and d is the distance from the electrodes to the waveguide, expressed in crystal periods. In order to achieve a high collection efficiency and small capacitance, the electrodes should be preferentially very close to the cavity, but, as the metal (gold) is a conductor, it will generate some absorption, thus creating some optical losses and lowering the cavity quality factor. A FDTD simulation introducing a complex dielectric constant for modeling the absorption of gold showed that for d < 3, the quality factor could not be higher than 27,000. However, for d > 3, quality factors greater than 10 5 were computed. This is because the resonant mode profile in the cavity vanishes almost completely three rows away from the waveguide. The quality factor is also a decreasing function of l. Following these modelings, different structures have been fabricated with 3 < d < 5 and 1 < l < 5.
The structure parameters are as follows: the PhC lattice a = 420 nm, the radius of air holes r = 108 nm, the width of the silicon layer w = 200 nm, the height of the electrodes h = 190 nm. The design of the electrodes includes two regions: the first is the rectangular pad near the cavity described in the previous paragraph with typical dimensions being a few microns. This zone is connected to a larger (100 x 100 µm) square of gold in order to make the collection of current technically feasible. The fabrication process has three steps: first we fabricate the PhC cavity and the silicon waveguide by a first electron beam lithography followed by dry etching [2] . Then we need to perform a second lithography that insulates the electronic resist exactly where we want to deposit the electrodes. After the development, we deposit a thin layer of titanium that will stick to silicon and then a 180 nm thick layer of gold, using an evaporation technique. Finally the resist and the metal are chemically removed, except in the regions that were insulated, by a lift-off technique. We would like to emphasize that this process is as simple as it can be: the crucial point is to align the second lithography with the PhC structures on the sample. We were able to do this with an error not exceeding 30 nm. It is the choice of a MSM junction on SOI that allows this simplicity. The other possibility, the p-i-n junction [3] , requires two other lithography processes, one for doping the p region and one for doping the n region. A scanning electron image of a fabricated structure with parameters d = 4 and l = 4 is presented in figure 2 . The next step is the optical characterization of the samples. We essentially worked with three samples A, B, and C. These samples have parameters b = 8, 11, 14; d = 5, 5, 3; and l = 5, 3, 1 respectively. We used a sweepable continuous fiber-output laser to inject light in the silicon waveguide, and directed the output to a powermeter. By measuring the direct transmission at a frequency above the PhC waveguide cut-off, we are able to determine the optical loss, typically 28 dB due to the coupling between the fiber and the silicon waveguide. This quantity will be automatically taken into account when we give the input power: the significant quantity here is the power coupled into the PhC waveguide. For all structures, the cut-off of the photonic crystal waveguide was found at 1605 nm and the resonant mode of the cavity around 1610 nm. The experimental quality factors were estimated by a Lorentzian fit of the transmission spectra at a low optical input (0.1 µW). We respectively found 4. . These are fairly high values for a PhC cavity on SOI, as the highest value reported to our knowledge is 1.5 x 10 5 [4] . As expected, cavities A and B with a shorter barrier waveguide have a lower Q and a better coupling factor than the third cavity which has a long barrier waveguide, a very high Q, and a low coupling factor. The transmission T of cavities A and B is 11%, whereas for cavity C it is 1%. As predicted by the simulation, the quality factor is not affected by the presence of metal near the cavity. Figure 3 shows the cavity resonance spectra of structures A and C. At a high optical input (100 µW), we can observe that the spectra become asymmetric and are red-shifted, as a result of thermal effects. We were able to collect these carriers simply by bringing two metal tips onto the gold square as an electric contact. We applied a continuous bias ranging from 0.1 to 10 V and measured the current in the circuit for a continuous light input. For a 1 V bias in obscurity, the dark current value is only 6 nA. When light is injected at the resonance, the current reaches 100 nA for only 20 µW of optical input. The all-silicon structure behaves as a photoconductor at telecom wavelengths for a reasonable input power. Figure 4 shows the photocurrent I p as a function of the optical input for different bias in the case of structure B. Experimentally, the current is found dependent on the bias, on the input power and of course on the wavelength. Because of the carrier thermal effect mentioned above, the resonant wavelength depends on the power. For each input power, we found the resonance and then measured the current. The current in figure 4 is the resonant photocurrent. At a fixed optical power, the current increases with the bias.
For a 10 V bias, the experimentally measured efficiency of the detector is 0.02 A/W. If we want to compare this to a theoretical expectation, we can start by considering a simple model for carrier generation. This leads to relation:
where q is the electron charge, " = 0,8 cm/GW is the TPA coefficient, n = 3.46 is the silicon index. Q and T are the loaded cavity quality factor and transmission which depend on carrier density, P is the input power, V cav the cavity volume. The complexity of the physics is contained in the gain ratio c eff % % where % eff is the effective carrier lifetime in the region where carriers are collected and % c is the collection time, depending on the applied bias. In order to calculate these factors, we should consider the diffusion of carriers and the permanent electric field distribution between the electrodes. If this ratio is supposed equal to one, relation (1) gives I p = 750 nA for a 100 !W incident power. This rough estimation shows that the experimental results are wihtin the right orders of magnitudes since a " 2 µA photocurrent has been measured for a 100 µW incident power at a 10 V bias. Concerning the dependence of I p on the optical power, it seems to be linear in the case of cavity B, although the relation is expected to be quadratic. However, other samples showed a non-linear dependence at low input (figure 4). We are currently working on a model that will simultaneously take into account the thermal shift and broadening of the resonance, the free carrier absorption effect, the diffusion and collection of carriers, in order to give an accurate description of the photocurrent. It is interesting to compare the collection efficiency of cavity A to that of cavity C. The latter has metal coming very near the cavity (d = 3). We define the collection efficiency as being # = I/P 2 Q 2 T. The ratio # A /# C is 11. This means that compared to cavity A, and independently from optical characteristics, cavity C is a better collector of carriers, which is intuitively understandable from the electrode geometry. Another aspect of the device is the value of the lowest input that is detectable. In continuous regime, we were able to detect some current for a power as low as 30 nW. This is made possible only by the high quality factor and small mode volume of the cavity. Characterization of the detector in time domain (around 1 GHz) is now under progress in our laboratory.
In conclusion, we have fabricated an all-silicon onchip SOI photoconductor at telecom wavelength. The active zone is about 20 microns in size, with a cavity volume of 1.3 ($/n) 3 . The use of a MSM junction makes the fabrication process simple. This detector has some note-worthy features: it is selective in wavelength: the resonance width is typically 40 pm. Detection is based on a non-linear process, which makes it promising for noise reduction applications.
